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Abstract 
Geological sequestration of CO2 as an effective measure of greenhouse gas emission reduction has seized the attention of many 
governments and scientists. But few studies concern the effect of temperature field on the CO2 convective mixing process. In fact, 
the temperature gradient almost exists anywhere in the underground, especially the saline aquifer where the temperature increases 
with soil depth. A numerical model is developed to simulate the heat and mass transfer in the saline aquifer. The effect of initial 
temperature field on convective mixing flow is presented in this paper. Boussinesq approximation is used to simplify the 
governing equations. High accuracy compact difference schemes and Runge-Kutta methods are used to simulate the temperature 
field and CO2 concentration field. Meanwhile a fourth-order precision iterative algorithm is adopted to solve the pressure Poisson 
equation. Numerical simulation results show that the effects of temperature field are: accelerating the occurrence of convection, 
strengthening the convective effect and accelerating the CO2 dissolve. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The increase in concentration of greenhouse gases has been considered as a primary factor of global warming and 
accelerated climate change [1]. Presently, many researches have been done to explore the sequestration of CO2 in 
saline aquifers to slow CO2 emissions. The CO2 migrates upward owing to buoyancy force after injected into the 
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deep saline aquifers. When the movement is stopped by a very pyknotic cap rock that the CO2 cannot diffuse 
through, the stopped CO2 slowly dissolves into brine causing the density of the brine saturated with CO2 is slightly 
higher than pure brine. When the density difference is higher than 1%, a density-driven flow comes up [2].  
Historically, Horton and Rogers [3] first studied density-driven convective mixing which has been known as 
Rayleigh-Benard convection. Isotropic and anisotropic porous media have been studied by linear or nonlinear 
methods in stability and instability model [4-5]. By contrast, the amount of papers which pay close attention to the  
effect of temperature field on the process of geological sequestration of CO2 is fewer. Several parameters are 
mentioned that can generate the development of temperature gradient and transfer heat between the warm rock and 
cold region [6]. Pan et al. [7] developed a wellbore simulator to simulate the dynamics of CO2 injection and CO2 
convention mixing in two phase non-isothermal. And recently, Singhe et al. [8] developed an analytical model of 
prediction of pressure and temperature and verified based on data from the Ketzin site. 
In this paper, the convective mixing phenomenon of CO2 which is sequestrated in the deep saline aquifer is 
simplified to a three dimensional, unsteady convection-diffusion model that is simulated in an anisotropic porous 
medium region. A high precision compact difference scheme is adopted in the numerical simulation. A fifth-order 
accuracy compact difference scheme is employed to simulate the first derivative and the second derivative is 
simulated by a fourth-order accuracy compact difference scheme. The third-order Runge-Kutta technique is 
employed to describe the evolution of time. A fourth-order precision iterative algorithm is used in each time step 
when calculating pressure. 
Nomenclature 
C the dimensionless CO2 concentration 
Le the Lewis number 
N  the ratio of buoyancy caused by temperature to that caused by concentration  
p the dimensionless pressure 
Ra the Rayleigh number 
T the dimensionless temperature 
u, v, w the dimensionless Darcys velocity component along the x, y, z axis 
I the porosity of the saline aquifer 
J the anisotropy ratio
 
2. Physical model numerical methods 
 
 
Fig. 1. Geometry of simulated saline aquifer and the boundary conditions. 
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A three-dimensional cubic cavity filled with saline aquifer is considered, as shown in Fig. 1. At time zero, an 
initial disturbance is applied at the centre of the top boundary. When time increases, CO2 dissolves into the brine 
near the top and the brine density slightly rises. The translation of CO2 is dominated by diffusion not convective in 
the infancy until the density difference leads to instability. Following Xu et al. [7], Ennis-King et al. [8] and Zhu et 
al. [12] the dimensionless governing equations and boundary conditions are obtained 
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The mass transport equation Eq. (3) and heat transfer Eq. (4) are parabolic equations which are solved with initial 
condition and boundary conditions. Apply concentration is zero and temperature has a uniform gradient in time zero. 
Obviously, N=0, referring to neglect temperature. The third-order R-K method is employed to simulate parabolic 
equations in the time advance. About Poisson equation, we use a fourth-order accuracy iterative scheme as follows 
[13] 
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3. Results and discussion 
The presented numerical algorithm is operated on domain Ω = [0,2]×[0,2]×[0,1], where meshes with 51 × 51 × 
26 nodes are adopted. At Ra = 1000, γ = 1, the contours of dissolved CO2 concentration and streamlines at the y-z 
plane are presented in Fig. 2 in which it is obvious that the development of CO2 convection is accelerated compared 
to that without consideration temperature. When temperature is considered, as showed in Fig. 3, the velocity of 
convective mixing process has a rise. It is because, for density-driven flow, the intensity of flow is positive 
correlation to the density difference and temperature field that has a high temperature at the bottom contributes to 
the density difference. A non-uniform density field which heavier is above has created owing to the non-uniform 
temperature field. That weakens the balance of flow field. As thus, creating convention needs smaller density 
change caused by dissolved CO2 than leaving out temperature. In term of time, as showing in Figure 5, in the initial 
little time, the solution rate and transport of CO2 are most depending diffusing effect, so there is no distinction 
between temperature factors considered and left out, just as the overlap curve in the initial segment shown in Figure 
5. But as time goes on, the promoting effect is distinctly emerging. The effect can be explained as that the factor of 
temperature increases flow intensity. Faster flow timely carries off the dissolved CO2 near the top of saline aquifer, 
and this is equal to attenuation of CO2 in effect and increasing the gradient of CO2 concentration. Bigger 
concentration gradient means quickening dissolution and stronger diffusion effect. 
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(a) (b)  
Fig. 2. Contours of dimensionless dissolved CO2 concentration at the y-z plane in the middle of x direction. The operating condition is Ra = 
1000, γ = 1: (a) N = 0 and at the time 0.01; (b) N = 1 and at the time 0.01. 
   
Fig. 3. Plots of dimensionless vertical velocity at the vertical axle line while the operating condition is Ra = 1000, γ = 1. 
  
Fig. 4. Plots of the total dissolved CO2 variation over dimensionless time at the operating conditions Ra = 1000, γ = 1.  
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4. Conclusions 
Most of studies about geologic sequestration of carbon dioxide are irrespective of the effect of temperature, and 
this paper shows that it will bring deviation when estimating the influence of convective mixing phenomenon or 
forecasting the CO2 dissolution quantity at some time. A heat and mass transfer model is developed in the saline 
aquifer and the effect of initial temperature field on CO2 convective mixing flow is presented in this paper. High-
precision compact difference algorithm and fourth-order precision iterative algorithm of pressure Poisson equation 
are successfully employed to simulate the heat and mass transfer in the saline aquifer. Simulation results show that 
an initial temperature field which has a gradient pointing to gravity direction has considerable effect on convective 
mixing flow not merely in convective amplitude strengthened but also in time brought forward. The existence of 
temperature field strengthens the convective effect and enhances the CO2 dissolution quantity. 
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